This article describes a capillary flow meter whose maximum flow rate of 0.2 mol/ s ͑ϳ0.2 cm 3 / min at ambient conditions͒ covers the range that is useful for calibrating spinning rotor gauges. Knowing the input pressure, output pressure, and temperature of the capillary yields the gas flow rate with a relative standard uncertainty as small as 0.04%. The flow meter, which requires no moving parts aside from valves, comprises a ballast tank, a coil of quartz capillary with an inner diameter of 0.1 mm, and a commercial instrumentation package. Measurements near 0.1 mol/ s showed agreement with an independent primary flow meter to within 0.2%, comparable to the combined relative standard uncertainty of 0.11%. Additional measurements showed that operating the capillary flow meter with an exit pressure less than 1 kPa allowed the flow to stabilize within minutes. However, the small exit pressure caused an unexpected enhancement of the slip correction in the hydrodynamic model of the capillary.
I. INTRODUCTION
The National Institute of Standards and Technology ͑NIST͒ uses two constant-pressure, variable-volume flow meters to generate the gas flows needed to calibrate vacuum gauges and vacuum leak artifacts. 1 The gas flow is directed through a vacuum chamber that is divided by a plate with an orifice. Knowing the gas flow rate and the orifice conductance allows one to calculate the resulting pressure in the upper part of the vacuum chamber; this method is known as "dynamic expansion." Each of the flow meters generates a known flow rate by allowing gas to leak from a variable volume into the vacuum chamber. Combining the gas pressure P and temperature T with the known rate of change in volume V yields the molar flow rate as
where R is the gas constant. The two flow meters generate flows from 10 −11 to 10 −6 mol/ s with relative standard uncertainties from 0.10% to 0.24%, depending on the flow rate ͑standard uncertainties are used throughout͒. However, they cannot be automated easily and an operator must frequently refill the volume and reset the driving piston for each measurement.
This article describes a new flow generator that can produce a steady gas flow for days with smaller uncertainty and without operator attention. Although its range of flow rates is more restricted, it can generate the pressures needed to calibrate spinning rotor gauges ͑SRGs͒ using dynamic expansion near 0.01 Pa.
II. DESCRIPTION
The flow generator is similar to the device described in Ref.
2, but the present device and its flow rates are both ten times smaller. As shown in Fig. 1 , the flow generator comprises a ballast tank, a coil of quartz capillary, and a commercial instrumentation package. Gas stored in the ballast tank flows through the capillary, into the vacuum chamber, and out the vacuum pump. The instrumentation package contains two pressure gauges that measure the capillary input and output pressures, P 1 and P 2 . It also contains electronic circuitry to measure the resistances of two platinum resistance thermometers ͑PRTs͒ to determine the capillary's average temperature T. A hydrodynamic model combines the values of P 1 , P 2 , and T with the properties of the gas to calculate the molar flow rate.
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The instrumentation package is sold by the manufacturer 4,5 to measure flow rates through the company's line of flow impedances; transducers with a full scale of only 310 kPa were custom ordered. The bypass valve was tested by applying P 1 − P 2 = 183 kPa for 3 days. No leak through the valve was found; the upper bound was less than 4 ϫ 10 −12 mol/ s. Figure 2 is a schematic of the interior of the polypropylene case that protects the capillary and provides modest thermal stability. The case ͑311ϫ 235ϫ 25 mm 3 ͒ ͑Ref. 6͒ is lined with a 2 mm thick sheet of polyethylene foam and contains the capillary, two PRTs, stainless steel gas fittings and tubing, and two 2.4 mm thick aluminum plates. The lower plate, which is fastened to the case by nylon screws, fixes the positions of the gas fittings. The upper plate is fastened to the lower plate through four 12 mm thick aluminum spacers, two of which hold the PRTs. The coiled capillary lies between the two plates. The gas fittings that connect to the outside use 1 / 4 in. ͑6 mm͒ VCR ͑Ref. 4͒ metal gaskets. They join the capillary at a 1 / 8 in. ͑3 mm͒ VCR tee that contains 2 m filter gaskets. a͒ Electronic mail: robert.berg@nist.gov
The capillary coil was assembled from quartz capillary tubing manufactured for gas chromatography. 7 It was purchased with a nominal inner diameter of 100 m, a nominal length of 10 m, an untreated inner surface, and a polyimide coated outer surface. Its ends were fastened to female 1 / 8 in. VCR fittings by epoxy, which were later heated for 1 day at 50°C to drive off residual volatiles. A possible substitute for the quartz capillary is a nickel capillary similar to the one that was used to measure gas viscosity ratios. 8 The hydrodynamic model of the capillary calculates the molar flow rate as
where L and r are the length and interior radius of the capillary, respectively, and is the gas viscosity in the limit of zero pressure. 3 The effect of slip flow near the capillary walls is corrected by the Knudsen number Kn ϵ 1/2 / r, where 1/2 , is the mean free path at the pressure ͑P 1 + P 2 ͒ / 2. ͑The coefficient K slip accounts for momentum accommodation; K slip = 1 means complete accommodation.͒ The other corrections, which account for kinetic energy changes at the capillary entrance, gas expansion along the length of the capillary, viscous heating, departures from the ideal gas law, and centrifugal effects, were less than 0.15% in this study. Previously, the assumption K slip ϵ 1 allowed Eq. ͑2͒ to predict the flow of gases besides helium with no free parameter.
3 However, the present measurements found that nitrogen flows with exit pressures less than 1 kPa could be described only with K slip = 1.29.
The internal radius r of the capillary should be as large as possible without exceeding the desired maximum flow rate. A value of r that is too small will increase the uncertainty due to the slip correction, and a value that is too large will force the pressure difference P 1 − P 2 to be small and thereby increase the uncertainty due to pressure.
A. Uncertainty and the determination of the capillary radius
The uncertainty of the capillary flow meter, which was calculated using the methods in Ref. 3, was dominated by the uncertainty of the radius at larger flow rates. Table I lists the contributions.
In practice the radius r is best determined indirectly by measuring simultaneously ṅ , T, P 1 , and P 2 with a gas of known viscosity and solving Eq. ͑2͒ for r. Therefore, a third constant-pressure flow meter was used to measure nitrogen flows from 0.3 to 2.0 mol/ s. This primary flow meter is similar to the two used for vacuum calibrations, but it measures flows as large as 1000 mol/ s. 9 Gas flowed through the capillary flow meter and into the primary flow meter, whose volume was varied to operate at the capillary's exit pressure P 2 . Five of the seven points shown in Fig. 3 were taken near P 2 = 100 kPa; the largest two flow rates were Gas flowed from the ballast tank, through the capillary, and into the vacuum chamber that held the SRG. The molar flow rate was calculated from the temperature, entrance pressure P 1 , and exit pressure P 2 of the capillary. The variable valve V 4 was used to control P 2 . Arrows indicate the direction of gas flow. taken at 34 and 70 kPa. Figure 3 shows how the fitted value r = 51.183 m caused the flow rate from Eq. ͑2͒ to agree with that determined by the primary flow meter. The capillary flow meter is a secondary standard because its radius was measured by a primary flow meter, and its uncertainty due to the capillary radius is the quadrature sum of the scatter in Fig. 3 ͑0.029%͒ plus the uncertainty of the primary flow meter ͑0.019%͒.
Measuring the diameter and number of turns in the capillary coil yielded the length L = 13.22Ϯ 0.06 m. The uncertainty of L was not important because, due to the small values of its corrections, Eq. ͑2͒ required only an accurate value of the combination r 4 / L. In other words, any small error in the assumed value of L was compensated by an opposing error in the determined value of r, such that the value of r 4 / L remained accurate.
In Table I , the uncertainty due to the pressure resolution is small because one can "tare" the offset between the two transducers by opening the bypass valve with no flow. See the explanation in Ref. 2.
B. Comparison with a primary flow meter
SRGs were used as intermediaries to compare the capillary flow meter with the piston flow standard because the reproducibility and linearity of the SRGs allowed accurate comparisons of the flow rates through the vacuum chamber. The two flow devices could not be connected in series because the piston flow standard was a flow generator whose output pressure is much lower than the input pressure of the capillary flow meter.
Ten SRGs that were mounted on the vacuum chamber were used to compare the capillary flow meter to the constant-pressure "piston" flow standard 1 used for vacuum calibrations. An SRG measures pressure by magnetically suspending a small sphere, causing the sphere to rotate, then measuring the rotation deceleration due to interaction with the surrounding gas. 10 Each SRG pressure measurement was combined with the pressure determined by the gas flow through the orifice in the vacuum chamber. The result was a value for , the ratio between the actual pressure that is proportional to the flow rate, and the apparent pressure that is proportional to the deceleration rate of the rotor ͑ is also called the effective momentum accommodation coefficient of the SRG͒. The piston flow standard obtained values p at the nominal flow rate of 0.10 mol/ s that is typical for SRG calibrations at NIST. The capillary flow meter obtained values c at four flow rates from 0.013 to 0.145 mol/ s. The temperature of both the capillary flow meter and the vacuum chamber was typically 23°C. The capillary input pressure was set simply by filling the ballast tank to P 1 , and the output pressure was set by adjusting the variable valve V 4 so that P 2 Ͼ 10 kPa. Keeping P 2 Ͼ 10 kPa reduced the size of the slip correction and allowed the assumption K slip ϵ 1 that was used successfully in Ref. 3 . Figure 4 summarizes the results of the comparison and Table I gives the total uncertainty at two representative flow rates. Although the accommodation coefficients varied among the ten rotors by as much as 8%, the values of c and p were highly correlated, and the slopes and intercepts derived from linear fits to the results were 1 and 0, respectively, to within the uncertainty of the fits. Table II lists the values of the ratio c / p , averaged over the ten SRGs, for each of the four capillary flow rates. For the middle two medium flow rates, the two flow meters agreed to within 0.06%, which is consistent with the comparison uncertainty of 0.11% ͑Table I͒. However, the values of c / p have an unexplained dependence on flow rate that, though small, is outside the comparison uncertainty.
C. Response time and incomplete momentum accommodation
Connecting the instrumentation package to the capillary exit greatly increased the response time for the capillary flow meter to settle to within 0.1% of its final value. The response comprised a fast part that lasted a few hours and a slow part that lasted as long as one day. The fast part was consistent with the hydraulic time constant P 2 V 2 / ͑RTṅ ͒, where V 2 Ϸ 8 cm 3 is the volume between the capillary exit and the variable valve. The slow part of the response was not understood, but it appeared to be caused by a time-dependent re- lease of gas from the instrumentation package, perhaps due to a virtual leak. After the flow became steady, the instrumentation package continued to release gas at 4 ϫ 10 −5 mol/ s. A residual gas analyzer determined that the steady outgassing was primarily water vapor. The outgassing was well within the specification for the instrumentation package, which was not designed for vacuum use, but it was a significant perturbation for the present measurements at the smallest flow rates.
Solving the problems of slow response and the release of water vapor required two changes. The first change was to remove the variable valve, which reduced the hydraulic time constant and removed any problem due to a potential instability of the valve impedance. Removing the variable valve lowered the capillary exit pressure to less than 2 kPa, although it did not adequately reduce the response time. The second change was to disconnect the instrumentation package from the capillary exit, which eliminated the release of water vapor and decreased the response time to less than 1 h. A minor disadvantage of the disconnection was that P 2 could no longer be measured directly. It could, however, be estimated easily from an empirical correlation between P 2 and P 1 that was obtained from measurements of P 1 and P 2 made before disconnecting the instrumentation package. Achieving the required accuracy of P 2 was possible because the dependence of Eq. ͑2͒ on P 2 is small when P 2 P 1 . An important disadvantage of removing the variable valve was that the capillary exit pressure was limited only by the conductance of the small-diameter steel tubing ͑1 m long and 1.3 mm inside diameter͒ between the capillary and the vacuum chamber. As a result, P 2 became much smaller and the slip correction near the capillary exit became much larger. The hydrodynamic model had not been tested previously at small values of P 2 . Figure 5 shows the results of additional measurements made with the variable valve removed and the instrumentation package disconnected from the capillary exit. The values of the accommodation coefficient for three SRG check standards ͑named NBS3, NBS5, and NIST22͒ were measured at vacuum chamber pressures from 2 to 47 mPa, corresponding to capillary flow rates from 0.009 to 0.2 mol/ s. The capillary exit pressure fell in the range 0.1 kPaϽ P 2 Ͻ 1.2 kPa ͑see Table III͒, which is much lower than for the measurements shown in Fig. 4 .
The unadjusted values of in Fig. 5 ͑open symbols͒ appear to depend on the pressure in the vacuum chamber; that unphysical dependence suggests that the hydrodynamic model for the capillary failed at small values of P 2 by as much as 0.5%. Therefore, I tested the adequacy of the firstorder slip correction in Eq. ͑2͒ by comparing it to the higher- Values of the accommodation coefficient for three SRG check standards at vacuum chamber pressures from 2 to 47 mPa, corresponding to capillary flow rates from 9 ϫ 10 −9 to 2 ϫ 10 −7 mol/ s. For these data the capillary exit pressure P 2 was much lower than for the data shown in Fig. 4 . Assuming complete momentum accommodation caused the apparent pressure dependence of the unadjusted values. Allowing incomplete accommodation, specifically K slip = 1.29, eliminated the unphysical pressure dependence and caused the adjusted values to agree with the piston flow standard ͑see Fig. 6͒ . 
where ␣ = ͑2␣ 0 / ͒tan −1 ͑␣ 1 Kn ␤ ͒, with ␣ 0 = 1.358, ␣ 1 = 4.0, and ␤ = 0.4. At both the lowest exit pressure of P 2 = 0.1 kPa and the smallest flow rate of 0.09 mol/ s, the two models agreed to within 0.1%. ͑Under different conditions the firstorder slip correction could cause a larger error, although comparing Eqs. ͑2͒ and ͑3͒ shows that the error would be less than 0.2% as long as Kn Ͻ 0.005. Recall that Kn is calculated at the average of P 1 and P 2 .͒ After showing that the first-order slip correction was adequate, I examined the assumption of complete momentum accommodation that was used to calculate the unadjusted values of shown in Fig. 5 . Lifting the assumption that K slip ϵ 1 in Eq. ͑2͒ and setting K slip = 1.29 removed the unphysical dependence of on the chamber pressure. ͑In addition, the vacuum decrement of each SRG was adjusted by a small amount consistent with the repeatability of the vacuum decrement.͒ Figure 6 shows that the adjusted values of depend negligibly on pressure and are consistent with values measured by the primary piston flow standard, thereby indicating that the momentum accommodation at small exit pressures was indeed incomplete.
III. CONCLUSION
The capillary flow meter described here is useful for producing a steady gas flow at the rates needed to calibrate SRGs. Using it at exit pressures greater than 10 kPa and flow rates from 0.04 to 0.14 mol/ s gave agreement with an independent primary flow standard to within 0.2%, but at the cost of a long response time. Using the capillary flow meter at exit pressures below 2 kPa decreased the response time to minutes but led to an unexpected enhancement of the slip correction in the hydrodynamic model of the capillary. Further work is needed to clarify why the low exit pressure caused incomplete momentum accommodation.
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